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Modified half-wavelength vertical antenna for use at 15, 20, and 25 MHz . . (HF) radio broadcasts from the National Bureau of Standards (NBS) radio stations WWV [ l ] and WWVH [2, 31. While general measurement methods have appeared i n the l i t e r a t u r e [4, 5, 6 , 71, specific techniques are described here.
The purpose of t h i s report i s t o present methods t o make time and frequency calibrations by reception of h i g h frequency
resolutions of 2 100 microseconds and t o calibrate frequency t o parts in lo1 '. are better than previously reported [8] since a more systematic approach is used w i t h results averaged over more than one measurement.
Special emphasis i s placed on procedures f o r f i e l d use t o measure or s e t clocks w i t h These values
The importance of HF methods has been overshadowed by advances i n very low frequency (VLF) techniques [9] and TV time and frequency comparison. and economy of using HF broadcasts, along w i t h the f a c t t h a t date/time transfer t o 1 millisecond resolution can be made in a few minutes measurement time, i l l u s t r a t e s the importance and popularity o f HF broadcasts. distance from the transmitting station, and time of day, stated measurement resolution i s obtainable when path delay i s known.
Nevertheless, the ease, simplicity, Although results depend heavily on reception conditions,
NBS HIGH FREQUENCY BROADCASTS

General
High frequency radio signals such as those from radio stations WWV/WWVH rely primarily on reflection from the ionosphere t o arrive a t a distant point. height of the ionosphere (or ,.eflecting region) cause corresponding variations i n the path length of a received signal. i n delay time of a received pulse o r "tick." The arrival time of a t i m i n g pulse may vary from day t o day, even for measurements made a t the same time of day. Variations can be averaged by measurements taken each day and recorded over several days.
Variations i n the density and
This can be observed as fading of a received signal and changes Good reception o f signals; i . e . , a good signal-to-noise (SjN) r a t i o from WWV/WWVH i s Received f i e l d strength and essential f o r high resolution frequency or time measurement. geographical location will determine the necessary receiver and antenna requirements. For example, a directional antenna may be necessary so t h a t i t can be oriented to favor the transmission mode which consistently provides the strongest received signal.
Broadcast Format
Standard time and frequency stations WWV and WWVH derive t h e i r signals from a cesium beam frequency standard. tones, and c a r r i e r frequencies as broadcast.
stations are controlled t o be w i t h i n t 1 x Boulder, Colorado. UTC (NBS) time scale.
They each use three "atomic clocks" to provide the time of day, audio
The frequencies o f the cesium standards a t the of the NBS frequency standard located in Time a t the stations i s controlled t o within 5 5 microseconds of the The cesium standards drive time code generators through various dividers, mu1 t i p 1 i e r s , and distribution amplifiers. time ticks. appropriate amplitude modulation.
The time code generators generate the familiar audio tones and Frequency synthesizers provide the clear channel radio frequencies with
The seconds pulses or "ticks" transmitted by WWV and WWVH are derived from the same They are produced by a double frequency standard that controls the c a r r i e r frequencies.
sideband, 100 percent modulated signal on each RF c a r r i e r and consist of a 5 millisecond pulse of 1000 Hz (5 cycles) a t WWV and 1200 Hz ( 6 cycles) a t WWVH commencing a t the beginning of each second as shown in figure 1 . 1200 Hz for WWVH) begins each minute instead o f the tick. seconds of silence and followed by 25 milliseconds o f silence. interrupted each second for a duration o f 40 milliseconds with only small degradation in i n t e l l i g i b i l i t y .
A tone burst o f 0. 8 
General
This section describes three methods t o determine time of day or time interval w i t h resolutions better than 1 millisecond (1000 microseconds). tions, i t i s possible to establish time synchronization t o better than 100 microseconds (see Section 5 ) . The methods are: (1) direct trigger, ( 2 ) delayed trigger, and (3) photographic averaging. Techniques used i n the d i r e c t trigger method are fundamental t o the other two. In each case, path and equipment time delay measurements are necessary f o r accurate results.
Under favorable propagation condiIn order t o achieve optimum results i n any of these measurement methods, the following guidelines are recommended:
1 .
4.
Carry out measurements a t exactly the same time every day Avoid twilight hours when the ionosphere i s the l e a s t stable. Choose the highest frequency which provides consistently good reception. Observe the received signals on the oscilloscope f o r a few minutes t o judge the s t a b i l i t y of propagation conditions and select that portion of the timing waveform t h a t i s most consistent.
Since time delay i s so important, an Appendix i s included t o aid i n the determination of equipment and propagation time delay.
Direct Trigger Method of Time Synchronization
The d i r e c t trigger method i s the simplest and requires only the following equipment: (1) an oscilloscope w i t h external sweep trigger and accurately calibrated time base, and ( 2 ) WWV/WWVH receiver w i t h audio output. Equipment connection i s shown i n figure 2 . 
A t some time i n t e r v a l l a t e r d u r i n g t h e sweep, t h e WWV/WWVH seconds pulse appears on the d i s p l a y as shown i n f i g u r e 3. 
WWV/WWVH t i c k appears i s t h e t o t a l time d i
d u n t i l t h e WWV/WWVH t i c k f a l l s w i t h i n t h e f i r s t d i v i s i o n from t h e l e f t side. I f the l o c a l time t i c k i s l a t e , the WWV/WWVH t i c k w i l l be heard before the sweep s t a r t s . I f t h i s i s t h e case, t h e l o c a l c l o c k should be advanced u n t i l t h e t i c k appears.
A f t e r the l o c a l seconds pulse has been p r o p e r l y adjusted and appears w i t h i n the f i r s t d i v i s i o n (0.1 second i n time), t h e sweep r a t e i s increased to, say, 5 ms/division. r e s o l u t i o n , t h e l o c a l c l o c k i s adjusted u n t i l t h e l e a d i n g edge o f t h e WWV/WWVH pulse s t a r t s a t a time equal t o the propagation delay time p l u s the r e c e i v e r delay time a f t e r t h e t r i g g e r as
shown i n f i g u r e 5 .
Using t h i s g r e a t e r
The sweep r a t e should be expanded t o t h e h i g h e s t r a t e p o s s i b l e w i t h o u t a l l o w i n g t h e t o t a l sweep time t o become l e s s than t h e combined propagation and r e c e i v e r delay time l e s s t h e 5 m i l l i s e c o n d s t o compensate f o r l e n g t h o f the received seconds pulse.
With a sweep r a t e o f 1 ms/division, f o r example, g r e a t e r r e s o l u t i o n can be r e a l i z e d by measuring the second zero crossover p o i n t o f t h e 5 ins received t i c k .
of t h e seconds pulse as broadcast from these s t a t i o n s i s "on time," c o i n c i d e n t w i t h UTC(NBS), i t i s d i f f i c u l t t o measure because o f the slow r i s e time a t the beginning o f t h e b u r s t and undulations due t o propagation anomalies. For t h i s reason, t h e second zero crossover ( f i r s t p o s i t i v e -g o i n g crossover) should be used. The second zero crossover o f t h e WWV pulse i s delayed e x a c t l y 1000 microseconds and t h e WWVH seconds pulse i s delayed 833 microseconds as shown i n f i g u r e 6.
Although t h e l e a d i n g edge
This i s c a l l e d the c y c l e c o r r e c t i o n .
A t a sweep r a t e o f 1 ms/division, t h e v a r i a t i o n i n a r r i v a l time ( j i t t e r ) i s r e a d i l y apparent. A f t e r observing t h e pulses f o r a p e r i o d o f a minute o r two, s e l e c t the c y c l e t h a t i s u n d i s t o r t e d and r e l a t i v e l y l a r g e r i n amplitude. I n determining the time a t a r e c e i v i n g locat i o n t o i n c l u d e t h e delay o f the chosen zero crossover p o i n t , add the c y c l e c o r r e c t i o n t o t h e propagation and equipment delay using t h e f o l 1 owing r e 1 a t i o n s h i p: 
Where cycle correction time = 1000 microseconds per cycle (WWV) = 833 microseconds per cycle (WWVH)
As an example, assume an operator at a distant receiver location is interested in comparing his time to that of WWVH. milliseconds and 300 microseconds respectively. (11.7 ms + 0.3 ms), set the oscilloscope sweep rate at 2 ms/division for a total sweep time of 20 ms--slightly greater than the propagation delay + receiver delay + 5 ms total. The second zero crossover of the tick was observed and measured 12.5 ms after the sweep was triggered by the station clock.
The propagation and receiver delay time was measured as 11. 7 Since the total delay is 12.0 milliseconds From these data, the time at the receiver site is calculated and is equal to -0.333 ms Where: TD = 12.5 ms TD = 11.7 ms P TDr = 0.3 ms
The one cycle correction for WWVH = 0.833 ms.
It will be noted that if a receiving station is located at a distance greater than 3,000 km (1863 miles) from the transmitter, the propagation time will exceed 10 ms.
user to use a scope sweep time of 2 ms/division and lowers the measurement resolution. next section describes a method of measurement to overcome this difficulty.
This forces the The (The radio path delay works out to be about 5 ys per mile. be at least 9.315 ms. bounce off the ionosphere.)
At 1863 miles, the delay would It is greater than this due to the fact that HF radio signals
Delayed Trigger Method of Time Synchronization
To improve the resolution of measurement, the oscilloscope sweep must be operated as fast as possible. The user does have an option. the scope, he can generate a trigger pulse independent of his clock. pulse for maximum sweep speed and makes his measurement. ference between his clock and the delayed trigger pulse. using an oscilloscope with a delayed sweep circuit built in or with an outboard trigger generator.
to the instrument manual will aid in using that technique.
Instead of depending on the calibrated sweep in He then positions the But then he must measure the difNote: This can be accomplished by The latter method is discussed here, but the delayed sweep scope could be used. Reference
The design for a controlled delay generator is presented in the Appendix. On this unit, a delay dial indicates the delay between the input local clock tick and the output trigger pulse. If the user already has a variable rate divider to produce delayed pulses, a time interval counter could be used instead of the delay generator. In either case, the amount of trigger delay must be accounted for in measuring the total time delay (TD) o f the received tick with respect to the local master clock.
The time o f day the measurement is to be conducted should be established and adhered to for consistent results. Measurements should be made each day within 10 minutes o f the designated time.
path is near midday and, for night measurements, a time should be chosen when the midpoint of the path is near midnight.
A time o f day should be selected when the midpoint of the transmitter-receiver Measurements should not be made near twilight.
The equipment should be connected as shown in figure 7 . A commercially available frequency divider and clock can be used in place of the controlled delay generator. counter is then used to measure the output o f the delayed clock to the master clock. output of the delayed clock is used to trigger the oscilloscope.
A time interval
The Figure 7 . Equipment setup for delayed trigger method of time synchronization.
The initial procedures described in the direct trigger method also apply to this method and, therefore, should be referred to in setting time with WWV/WWVH.
With the oscilloscope sweep adjusted to 1 ms/division, the trigger pulse should be delayed from the delay generator or the delayed clock by an amount equal to the propagation delay in milliseconds. For the time being, any fractional milliseconds in the delay can be neglected. The sweep should be adjusted so that it begins exactly at the left end of the horizontal graticule and is vertically centered.
The second zero crossover point o f the tick (figures 8, 9 ) should be observed and careWith the sweep at 1 ms/ division, the delay of the second zero crossover on fully measured. the oscilloscope is measured to the nearest one tenth of a millisecond and added to the trigger delay resulting in a approximate total time delay. exactly coincident with the UTC(NBS) seconds pulse, the total measured time delay will be If the local master clock 1 pps time is The r e s u l t should be w i t h i n 5 100 I f t h e r e s u l t o f t h i s
SECOND ZERO CROSSOVER
To o b t a i n the time w i t h respect t o WWV/WWVH o r UTC(i(BS), the equation given i n the d i r e c t t r i g g e r method, described e a r l i e r , should be used.
If the average propagation delay time i s n o t a c c u r a t e l y known, i t can be determined by i n i t i a l l y s e t t i n g t h e time a c c u r a t e l y t o t h e UTC(NBS) time w i t h a p o r t a b l e c l o c k measurement. However, by m a i n t a i n i n g the time a c c u r a t e l y f o r a month, the average propagation delay time can be e s t a b l i s h e d and, i f time should be " l o s t " o r disrupted, i t can.be r e s e t again w i t h WWV/WWVH using t h e average propagation delay value. I f time i s t o be r e s e t , t h e propagation delay on t h a t day may be d i f f e r e n t from t h e average delay time and c o n t i n u i n g d a i l y measurements w i l l r e s u l t i n a new average delay. By film recording five or more overlapping exposures of the WWV/WWVH tick, an average of the tick arrival time can be estimated with more accuracy. sistently strong and undistorted ticks appear on the oscilloscope. usual average of the second zero crossover point of the tick is measured using the same procedure dxplained on the direct trigger and delayed trigger methods.
The exposures are made when conTo determine the time, the
In making measurements using this technique, an oscilloscope camera using self-developing film is desirable. and closed manually. scale illumination must be determined by experiment.
The camera shutter is placed in the "B" position so that it can be opened The lens opening of the camera, the oscilloscope trace intensity, and the
The procedure described with the delayed trigger method is followed to obtain the WWV/WWVH This is repeated each second until five overlapping exposures are tick. At a sweep rate of 1 ms/division, the shutter is opened before the sweep starts and closed after the sweep ends. completed (figure 10). least distortion and maximum amplitude.
The pictures should be taken when the ticks begin to arrive with the This procedure can also be used at a faster sweep rate of 100 s/division with the second zero crossover point appearing approximately at midpoint of the trace. (One complete cycle of the tick should be visible--figure 11.) Five overlapping exposures of the ticks are taken and an average reading is obtained from the photograph. 
General Consiuerations for Frequency Calibrations
In addition to the widely used time service of the two NBS HF radio stations, standard frequencies are also available to the broadcast listener. With a general purpose HF receiver capable of tuning these stations, a calibrating frequency is readily available for comoarison and measurement.
At lower frequencies, say from 10 to 100 kHz, it is possible to record the phase difference between two frequencies. the Loran-C navigation signals.
Two important broadcasts in this.range are the NBS station WWVB and Phase recording is possible if the local standard is good enough because the radio path a t these low frequencies i s very stable. phase would be less than 100 microseccnds a day. For a signal a t 100 kHz, t h i s represents 10 cycles.
Typically, the accumulated Thus, a beat note technique, e t c . , would be unsuitable, so phase measurement i s employed.
A t higher radio frequencies, t h i s i s not the case. The propagation variations of HF signals and the relatively short wavelength prohibit phase comparison on a long-term basis. a high frequency ground wave signal could be received, long-term phase comparison would be possible. because of high path attenuation and sky wave interference. of clocks operated from a frequency source rather t h a n d i r e c t frequency or phase comparison.
Four methods of calibrating frequency sources using the broadcasts of WWV/WWVH will be discussed: (1) beat frequency method; pattern method; and ( 4 ) containing harmonics i s coupled t o the receiver input along with the signal from the antenna. To calibrate a frequency standard or crystal o s c i l l a t o r with an o u t p u t frequency lower than t h a t broadcast by WWV, the correct harmonic equal to the WWV signal i s required. For example, i f a 100 kHz signal i s t o be calibrated with the WWV 5 MHz c a r r i e r frequency, then i t must also contain a harmonic f i f t y times i t s e l f . Thus, a signal to be calibrated must be a submultiple o f the WWV c a r r i e r frequency.
Theoretically, a sine wave does n o t contain any harmonics. In practice, t h o u g h , a l l sine wave signals contain some harmonics. duce a beat note. and i s ideal f o r generating harmonics t o calibrate receivers, transmitters, e t c . , in the HF and VHF band.
Sufficient harmonic content i s normally present to pro-A square wave signal, on the other hand, i s very rich i n harmonic content A simple method of generating a square wave from a sine wave i s by clipping the signal with a diode clipping c i r c u i t shown in figure 13 . notes, i t requires a large amplitude signal to produce heavy clipping. d i g i t a l l y divide the 100 kHz signal t o produce square waves having closely spaced harmonics.
To obtain a strong harmonic signal for beat A better method is' t o C R 1 , C R 2 = I N 2 7 0 , 1 N 3 4
Figure 13. Diode clipping c i r c u i t to produce harmonics from a pure sine wave signal.
If the receiver input impedance i s nearly 50 -100 ohms, a 10 to 20 pf capacitor can be used t o couple the high frequency harmonic t o the receiver input and t o attenuate the lower fundamental frequency. from the antenna, the harmonic signal can be loosely coupled t o the receiver input by wrapping a few turns of an insulated wire around the antenna lead-in and connecting i t directly t o the o u t p u t of the oscillator.
I f the receiver has a high input impedante with unshielded lead-in wire
Using harmonics o f t h e o s c i l l a t o r being c a l i b r a t e d makes i t necessary t o l e a r n t h e r e l a t i o ns h i p between t h e o s c i l l a t o r e r r o r and the beat note t h a t i s measured d u r i n g c a l i b r a t i o n . L e t t h e o s c i l l a t o r o u t p u t be designated as fF. This i s made up o f two components, t h e fundamental
frequency plus an e r r o r which we can designate as fo and f. So:
T h i s i s m u l t i p l i e d N times and beat a g a i n s t t h e c a r r i e r , fC.
t h e d i f f e r e n c e between t h e two, w r i t t e n as:
The r e s u l t i n g beat note fB i s
The bars mean t h a t a n e g a t i v e answer i s ignored. ( 2 ) :
Now s u b s t i t u t e equation ( 1 ) i n t o equation
But N f o equals fC. T h a t ' s why we m u l t i p l i e d by N. So,
For example, i f a beat frequency o f 100 Hz was measured between t h e WWV 5 MHz s i g n a l and t h e 50th harmonic o f a 100 kHz o s c i l l a t o r s i g n a l , t h e frequency e r r o r o f t h e 100 kHz signal would be :
The o s c i l l a t o r frequency i s i n e r r o r by 2 Hz. To determine whether the o s c i l l a t o r i s h i g h o r low i n frequency, the o s c i l l a t o r frequency has t o be changed t o note which way the beat frequency decreases.
i n d i c a t e s t h a t t h e o s c i l l a t o r frequency i s lower than t h e WWV/WWVH frequency. I f i n c r e a s i n g t h e o s c i l l a t o r frequency decreases t h e beat note, i t
CAUTION:
I n a r e c e i v e r w i t h no tuned RF a m p l i f i e r between the mixer stage and the antenna i n p u t , a low frequency s i n e wave s i g n a l can e n t e r the mixer stage and generate unwanted harmonics and confusing beat notes due t o the n o n -l i n e a r c h a r a c t e r i s t i c s o f a mixer c i r c u i t .
However, a good communication r e c e i v e r o r a WWV r e c e i v e r g e n e r a l l y has tuned RF a m p l i f i e r stages o r p r e s e l e c t o r s b e f o r e i t s f i r s t mixer stage.
s i g n a l s i s produced.
Only t h e d e s i r e d beat note from two i n p u t I f t h e beat note i s above 50 Hz, headphones, speaker, o r a counter can be used.
Below t h a t frequency, a dc o s c i l l o s c o p e can be connected t o t h e r e c e i v e r d e t e c t o r .
meter can be used and the beats counted v i s u a l l y .
A s i g n a l s t r e n g t h
The AGC (automatic g a i n c o n t r o l ) should be disabled, i f possible, f o r the meter fluctuations t o behore noticeable. The manual RF gain can be adjusted to compensate for loss of AGC.
To correct the o s c i l l a t o r frequency, the frequency adjustment i s turned in the direction
Between 50 Hz and about 1 Hz, the beat note which lowers the frequency of the beat note. cannot be heard and the s i g n a l strength meter will begin to respond to the beat note as i t approaches 1 Hz. As i t approaches near zero beat, a very slow r i s e and f a l l of the background noise o r the WWV audio tone can also be heard on the speaker. The meter effect i s much easier t o follow. As i t approaches zero beat frequency, the very slow r i s e and f a l l of the signal strength may sometimes become d i f f i c u l t t o distinguish from signal fading due t o propagation.
To overcome fading effects, the o s c i l l a t o r adjustment can be interpolated. ( 1 ) the frequency r a t i o between his o s c i l l a t o r setting and the received tone, and ( 2 ) movement in phase of the o s c i l l a t o r relative t o WWV.
These patterns are called Lissajous ( a f t e r t h e i r originator).
The resultant pattern t e l l s the user two things:
I n a typical application, the user will be able to check the accuracy of the dial settings on his audio o s c i l l a t o r in a two-step operation. frequency r a t i o t o a WWV tone t h a t i s an integer. Then he turns the dial slowly until the pattern i s stationary. By reading the dial setting, a calibration can be made and the dial reset t o another frequency that i s an integer r a t i o , etc. Therefore, the horizontal input frequency i s 600 Hz. I t i s possible t o calibrate over a ten t o one range in frequency both upwards and downwards from the 500 and 600 Hz audio tones transmitted by WWV and WWVH; t h a t i s from 50 Hz t o 6 kHz. However, n o t a l l frequencies between them can be calibrated with the 500 and 600 Hz tones because not a l l frequencies have a r a t i o of integers w i t h less than the number ten i n the numerator and denominator. would give a r a t i o of 50:13. I t would be impossible t o count 50 loops on the horizontal edge. B u t a frequency r a t i o of 500 Hz t o 125 Hz i s possible because there will be four loops on the horizontal edge and only one loop on the vertical edge or a r a t i o of 4 : l .
produces a less complex pattern o f a t i l t e d l i n e , c i r c l e or e l l i p s e .
For example, a frequency o f 130 Hz compared with the 500 Hz tone A r a t i o of 1:l I f the frequencies are exactly equal, the figure will remain stationary. I f one frequency i s offset from the other, the figure will not remain stationary and will "rotate." Because one complete "rotation" of the figure i s equal t o one cycle, the number of cycles per unit of time i s the offset frequency.
For example: If a Lissajous figure takes ten seconds t o "rotate" through one cycle and the frequency being compared i s 600 Hz, the frequency error i s :
Since the o f f s e t i s inversely proportional t o the time i t takes to complete one cycle, i t i s obvious t h a t the longer i t takes t o complete a cycle, the smaller the o f f s e t will be. 
Oscilloscope Pattern Drift Method of Frequency Calibration
The oscilloscope pattern d r i f t method i s a good method of comparing two frequencies using an oscilloscope with dxternal triggering. Lissajous pattern a t audio frequencies.
I t can detect smaller frequency offsets than the
The method consists of an oscilloscope with an accurately calibrated sweep time base. External triggering i s obtained from the audio signal to be calibrated. This signal can be any integer submultiple of the tone being received from WWV/H. Obviously, for low frequency sources the sweep rate will decrease proportionately. The receiver (tuned t o WWV) has i t s audio o u t p u t connected t o the vertical input of the oscilloscope. With the sweep rate s e t a t 1 millisecond/ division, the trigger level i s adjusted so that a zero crossover of the corresponding 600 Hz or 500 Hz signal i s near midscale on the scope.
By measuring the phase s h i f t during a given time interval, the frequency o f f s e t i s determined. If the zero crossover moves t o the right, the audio signal frequency i s higher t h a n the WWV signal, and i f i t moves t o the l e f t , the signal i s lower in frequency (figure 15).
For example, i f during a count of 10 seconds a t 500 Hz, the zero crossover advanced from l e f t t o right by 0.1 millisecond, the offset i s : Table 1 and show t h a t f o r t o n e standard I f a "moving average"** method i s used t o smooth t h e data, t h e r e s u l t s can be improved 
4.5
t h e data and a r e s u l t a n t time base w i t h i n 100 microseconds can be achieved. 
200-
1 0 0 o = M E A S U R E D VALUE = M O V I N G A V E R A G E VALUE ..... = MOPITHLY M E A N V A L U E
The f i r s t requirement o f a good r e c e i v e r i s s e n s i t i v i t y ; t h e r e f o r e , a tuned RF a m p l i f i e r i s d e s i r a b l e because i t increases s e n s i t i v i t y . ( i n which case i t i s c a l l e d a p r e s e l e c t o r ) o r ganged t o the main t u n i n g c o n t r o l which a l s o tunes the v a r i a b l e frequency o s c i l l a t o r (VFO).
The a m p l i f i e r can e i t h e r be tuned separately The next e q u a l l y important requirement i s s e l e c t i v i t y . This i s the a b i l i t y o f a r e c e i v e r t o r e j e c t neighboring s i g n a l s t h a t i n t e r f e r e w i t h t h e desired s i g n a l . heterodyning the incoming s i g n a l t o a much lower f i x e d frequency ( u s u a l l y 455 kHz) c a l l e d t h e i n t e r m e d i a t e frequency ( I F )
. r e l a t i v e l y narrow frequency pass band. Often, e i t h e r c r y s t a l f i l t e r s o r mechanical f i l t e r s are used i n the I F stages t a provide even narrower pass band o f frequencies t o r e j e c t i n t e r f e r e n c e .
The t h i r d important f e a t u r e o f a good r e c e i v e r i s t h e a b i l i t y t o r e j e c t i n t e r f e r e n c e from an undesired s i g n a l c a l l e d t h e image frequency. Since t h e I F s i g n a l i s t h e d i f f e r e n c e between the l o c a l o s c i l l a t o r frequency and the incoming s i g n a l , t h e r e are always two d i f f e r e n t incoming I t i s accomplished by
The I F a m p l i f i e r s can be fixed-tuned f o r maximum g a i n w i t h a 
One i s above and the other below the o s c i l l a t o r For example, a receiver w i t h an intermediate frequency of 455 kHz tuned t o WWV a t However, i f
This situation occurs because the IF signal i s low i n frequency ( i . e . , 455 kHz) t o the high frequency of the incoming signal ( i . e . , 10 MHz). selectivity t o reject the interfering signal which i s relatively close t o the desired signal. In the above example, the unwanted signal i s only 0.910 MHz away from 10 MHz and a strong interfering signal can easily pass through the RF stage into the mixer and produce an image IF signal.
Thus, the RF amplifier has insufficient
To alleviate this situation, a high quality receiver usually employs double conversion or two mixer stages. stage converts the incoming signal t o a h i g h intermediate frequency (usually greater than 1 MHz). example, i f a receiver has a f i r s t mixer IF signal of 1.5 MHz, the image signal will be twice the IF signal or 3.0 MHz above the desired signal. pared t o the incoming signal, the RF stage pass band i s usually selective enough t o r e j e c t the undesired images. produce a lower second IF frequency, thus alleviating the image problem.
I t heterodynes i n two steps t o make image rejection easier. The f i r s t mixer
Any images produced must be separated by more than 2 MHz from the desired signal. For Since 3 MHz i s now relatively large com-
For the required additional s e l e c t i v i t y , a second mixer stage i s added t o
A crystal local oscillator can be used in these conversion processes t o provide frequency A separate f i r s t oscillator cryital i s required f o r each frequency t o be received. s t a b i l i t y . Other information regarding well-designed receivers can be found i n such reference materials as the Radio Amateur's Handbook [lo].
b . WWV/WWVH Receiving Antennas
Except f o r those locations near stations such as WWV or WWVH, the signal power as received a t great distances may be relatively weak. As the distance i s increased, the signal decreases i n strength and an antenna w i t h maximum efficiency i s often required f o r best results. waves arrive a t different vertical angles, called the wave angle or radiation angle. The wave angle of an arriving signal depends on the distance between the transmitting and receiving station and also on the height o f the ionosphere. higher the ionosphere, the larger the wave angle. oriented that favors the wave angle (elevation) as well as the direction (azimuth).
Radio
The closer the receiving station and the Therefore, an antenna must be selected and Although radio stations WWV and WWVH transmit on severpl different frequencies, i n most cases, a t l e a s t one of the frequencies will be received best a t a particular location and time of day.
conditions .
In some cases, different frequencies may have.to be t r i e d due t o varying propagation
An all-band, log-periodic antenna capable of covering the e n t i r e HF band i s commercially However, such an antenna i s very large and cumberAlso, i f reception of available. must be utilized for maximum r e l i a b i l i t y . some as well as expensive f o r receiving purposes only. receiver capable of receiving two or more frequencies may be required. WWV 
This antenna i s n o t effective for reception
For nighttime reception on paths up t o several thousand miles, the sky wave i s predominant The antenna should be located a and a horizontal half-wavelength antenna i s recommended. quarter-wavelength or higher above ground and separated from possible interfering reflecting obstacles. The quarter-wavelength vertical antenna and the half-wavelength horizontal dipole antenna are i l l u s t r a t e d in figure 18. ( 2 ) 5.0 MHz. The 5 MHz frequency can be received a t greater distances t h a n the 2.5 MHz frequency throughout the day or night, especially during minimum sunspot cycle. Reception i s possible up t o 1000 miles under ideal conditions, b u t under normal conditions, daytime propagation conditions limit i t s useful range. 1000 miles during the day with signals arriving a t a wave angle of greater than 20 degrees. During the night, 5 MHz i s a very useful frequency f o r long-range reception except during maximum sunspot cycle. months when the signal i s following the darkness path.
Therefore, reception i s usually limited t o less t h a n I t i s excellent d u r i n g early dawn and early evenings during the winter 
between t h e feed l i n e and t h e lower h a l f o f t h e d i p o l e , which d i s t u r b s t h e r a d i a t i o n p a t t e r n , extend t h e feed l i n e h o r i z o n t a l l y outward several f e e t from t h e antenna before dropping i t v e r t i c a l l y t o t h e ground.
For a 70 -90 ohm antenna, t h e half-wavelength d i p o l e mounted I n order t o prevent i n t e r a c t i o n ( 5 ) w i l l be optimum a t e i t h e r noon o r a few hours p a s t noon. Signals a t t h i s frequency a r r i v e a t very low wave angles and a r e u s e f u l o n l y f o r l o n g d i s t a n c e reception. During minimum sunspot
cycles, r e c e p t i o n i s poor b u t improves d u r i n g t h e w i n t e r . During maximum sunspot cycles, t h e r e c e p t i o n i s e x c e l l e n t a t n i g h t and d u r i n g t h e day. angle r a d i a t i o n has been used a t t h i s frequency w i t h f a v o r a b l e r e s u l t s . Construction d e t a i l s
f o r a 20 MHz antenna a r e shown i n f i g u r e 19.
MHz. The 20 MHz frequency i s normally t h e b e s t t o use f o r daytime r e c e p t i o n and
The v e r t i c a l d i p o l e which favors low wave ( 6 ) summer season. minimum sunspot cycle.
angle r e q u i r e d f o r t h e s i g n a l t o be r e t u r n e d back t o t h e e a r t h from t h e ionosphere. d e t a i l s o f a d i f f e r e n t v e r t i c a l antenna f o r use a t t h i s frequency a r e a l s o shown i n f i g u r e 19.
The v e r t i c a l q u a r t e r and halfwave antennas a r e o m n i d i r e c t i o n a l i n t h a t they r e c e i v e s i g n a l s over 360 degrees i n azimuth.
t h e o t h e r hand, i s b i d i r e c t i o n a l . noise and i n t e r f e r e n c e from unwanted s i g n a l s i n o t h e r than t h e d e s i r e d d i r e c t i o n , i t i s recommended t h a t t h e Yagi o r beam antenna be used.
The h o r i z o n t a l halfwave d i p o l e , on
A t y p i c a l Yagi antenna design i s shown i n f i g u r e 20.
A t 15 MHz and below, t h e l e n g t h o f t h e Yagi antenna elements become extremely long. A m o d i f i e d Yagi r e s u l t s when c o i l s o r i n d u c t o r s a r e i n s e r t e d i n t h e elements t o increase t h e e f f e c t i v e e l e c t r i c a l length. physical length. m o d i f i e d Yagi antenna has a g r e a t e r d i r e c t i v i t y then t h e half-wavelength d i p o l e antenna.
However, i t does n o t compare i n g a i n w i t h a f u l l -s i z e d Yagi.
has a power g a i n o f 9.2 db over a half-wavelength d i p o l e a t t h e same h e i g h t above ground.
The antenna can then be made t o resonate using elements o f s h o r t e r
Despite t h e r e s u l t i n g decrease i n e f f e c t i v e p a r a s i t i c element length, t h e 
Receiver Time Delay Measurements
To measure the receiver time delay, the following equipment i s required: (1) oscilloscope with accurately calibrated, external ly-triggered, sweep time scale, ( 2 ) HF signal generator, and (3) audio signal generator. The equipment i s connected as shown in figure 21 .
The main tuning dial of the receiver should be s e t a t the exact position f o r receiving WWV/WWVH signals. This i s because the receiver delay time varies appreciably with s l i g h t l y different receiver dial positions. Therefore, the receiver tuning should be s e t and marked where the maximum WWV/WWVH signal i s received. The frequency of the HF signal generator i s then adjusted f o r peak output of the receiver.
The audio signal generator i s s e t t o a 1 kHz o u t p u t frequency. High accuracy i s not required of the 1 kHz signal.
The oscilloscope sweep r a t e i s s e t t o 100 microseconds/division with positive external triggering from the undelayed 1 kHz signal. tion. The vertical position control i s adjusted for zero baseline with no vertical input signal.
The HF generator i s externally modulated by the 1 kHz signal.
The vertical amplifier gain i s s e t for large vertical deflec-I n i t i a l l y , the undelayed 1 kHz signal i s connected t o the vertical input of the oscilloscope.
horizontal center l i n e a t the l e f t . The horizontal position control can be adjusted so t h a t the signal crosses over the f i r s t division on the l e f t as shown in figure 23 . The crossover point of the undelayed signal will s e r v e a s the zero delay reference point.
The trigger level control i s adjusted so that the trace crosses over or touches the 
Without touching any of the oscilloscope controls, the 1 kHz undelayed signal is disconnected from the vertical i n p u t and replaced with the delayed 1 kHz signal from the receiver output. signal), there i s l i t t l e chance of ambiguity on w,hich cycle t o measure. the sweep time from the reference undelayed crossover t o the f i r s t delayed crossover point.
If the delayed signal i s found t o be inverted and of opposite phase t o the reference 1 kHz Since a receiver delay i s almost always less than 1 millisecond (1 cycle of a 1 kHz The delay i s equal t o signal, the receiver has an inverted output signal. However, the receiver delay time remains unchanged and the only difference will be t h a t the output seconds pulse will be inverted w i t h a negative leading edge. For receiver delay of less than 500 microseconds, the sweep r a t e can be s e t a t 50 microseconds/division. This technique i s a way of locally producing a signal t h a t approximates the timing signal. I t i s a t the same frequency on the d i a l , uses the same tone frequency, etc. A two-channel scope i s very useful since you can then display the tone before i t enters the signal generator and a f t e r i t comes out of the receiver. other variations on t h i s technique t o the user.
A study of the block diagram will no doubt suggest 6.3 Great Circle Distancd Calculations For p o i n t s A and B on opposite sides o f t h e equator: dg = 60 cos-' (cos LA cos LB cos P -s i n LA s i n LB).
CONVERSION TO STATUTE MILES AND KILOMETERS:
dg. = 1.151 x n a u t i c a l miles = s t a t u t e m i l e s . dg = 1.8522 x n a u t i c a l m i l e s = kilometers. The delay of HF radio waves over a particular radio path depends upon the height of the ionosphere and the distance between the receiver and transmitter (see figure 24 ) . heights of the different layers such as the E layer (approximately 110 km), the F1 layer (approximately 200 t o 300 k m ) , and the F2 layer (approximately 250 t o 450 km) can be predicted, they vary in height throughout the day as well as seasonally. The F, layer does not e x i s t d u r i n g the winter months i n the northern latitudes. The F2 layer i s most commonly used during the daytime. the summer and a minimum o f 250 km during the winter. about 300 km i n h e i y h t and remain relatively stable u n t i l sunrise.
EXAMPLE: Find t h e g r e a t c i r c l e d i s t a n c e from r a d i o s t a t i o n WWVH, Kauai ( p o i n t A) t o WWV, F o r t C o l l i n s ( p o i n t B) i n s t a t u t e m i l e s and kilometers. COORDINATES OF THE TWO STATIONS
Although
I t reaches a maximum height of 450 km during
The F1 and F2 layers merge a t n i g h t t o The E layer, on the other hand, exists d u r i n g the daytime only and can provide HF propagation t o distances of a thousand miles or so. E-layer path can be readily d i s t i n g u i s h e d from t h a t measured when another layer predomiqates because the E layer i s considerably lower i n h e i g h t .
Propagation delay time measured over a particular Errors in determining propagation delay over a particular path are due t o the varying heights of the different layers. the effective reflecting ionosphere height becomes proportionately lower. then, the signal traversed over the sky wave mode approximates the ground path length between the two stations.
As the distance between the transmitter and receiver increases, A t large distances, EXAMPLE: Assume a transmitter and receiver are spaced one mile (1.61 km) apart, and assume an E layer reflecting height of 110 km. ponding variation of almost 40 km would occur in the effective path length. For greater distances, the radio waves must obviously be reflected a number of times. the wave path computation for one hop must be multiplied by the total number of hops.
The error in
For minimum e r r o r , the frequency used f o r reception should be selected for a minimum number o f hops. number of hops, figure 25 shows that lower vertical take-off angles (called angles of radiation or wave angles) increase the span that a single hop takes.
This also results in a stronger signal due t o smaller losses. For a reduced A t any particular distance, the user must select the proper WWV/WWVH frequency so the Other frequencies will skip over the user. signal can be received. A t certain frequencies, the signal from the transmitter will penetrate the ionosphere and not r e f l e c t .
He i s then said t o be located i n the skip distance for that frequency. Use of the maximum frequency that i s receivable assures the l e a s t number of hops.
For any higher frequency, the signal will skip This maximum usable frequency i s called the MUF. over the receiving station. reception.
A frequency approximately 10% below the MUF will provide the best Another appreciable error in propagation time delay computations i s in estimating the number of hops a signal takes. A t distances over one thousand miles, the signal takes several hops depending on the distance. error of one hop, the time delay computation can be i n error from 500 microseconds t o 1 millisecond. Again, by using a frequency near the MUF, a minimum number of hops i s assured. Hops with angles of radiation o f a few degrees should be neglected in the computation.
higher number should be used. Angles of less t h a n 5 degrees may not be possible due t o interference by mountains or high terrain (figure 2 7 ) . For signal paths over water, low angles are possible. Therefore, the estimated point where the signal i s reflected from the earth and the terrain near the receiver and transmitting s i t e s should be considered t o see i f low-angle radiation i s possible. Because ground wave attenuation i s high a t HF frequencies, there i s an increase in attenuation for very low angles of radiation.
The exact number of hops must be determined because for an For distances under one thousand miles, the single-hop mode of transmission dominates. Errors in propagation time delay will increase as the ground distance decreases f o r the same given error in the estimated height. For short distances, then, the height must be estimated more carefully. transmission occurs, a much wider range of error in the height can be tolerated.
For distances of over one thousand miles where only a single-hop mode of By estimating height according t o time of day, season, latitude, and sunspot cycle, errors
The F2-layer height ranges from 250 km t o 300 km during can be reduced. "averages" in height t h a t can be used. the winter months. The height increases as summer approaches and reaches a maximum height ranging from 350 km t o 400 km. months when propagation conditions are excellent on the upper HF bands (10 MHz and above).
conditions worsen, the layer height usually increases. t o 350 km. decreased again. reduced considerably.
For F2-layer reflections (which i s the principle layer used), there are several Selecting an average of 250 km i s reasonable f o r the winter As Thus, an average height can be increased As reception again begins t o improve in the f a l l , the estimated height can be Using t h i s approximation method, the error in path length computation can be For distances greater than one thousand miles (1610 km) t o two thousand miles (3220 km) where multiple-hop transmission occurs, the method above produces multiple errors. For good r e s u l t s , the height must be determined with greater accuracy. tude, longitude, and time of day are available from the World Data Center, NOAA, Department of Commerce, Boulder, Colorado 80302.
Heights f o r a particular l a t i -
The layer height has a tendency to vary even a t the same time of day. Additional propagation p a t h delay i s caused by the retardation o r slowing down of the radio wave with partial refraction or bending as i t passes through the lower F1 and E layers during the day (figure 28). The correct layer height and amount of retardation for any given day i s impossible t o calculate accurately. Only the average height over longer periods can be determined with some certainty. Thus, t h e time delay o f 2 hops a t 250 km v i r t u a l h e i g h t and 1 hop a t 334 km v i r t u a l h e i g h t w i l l d i f f e r o n l y by 100 microseconds.
Adjustable Time Delay Generator
The a d j u s t a b l e time delay generator i s a u n i t t h a t has an o u t p u t pulse which i s p r e c i s e l y delayed from i t s i n p u t pulse o f 1 pps.
The maximum delay f o r t h e u n i t i s 99,990 microseconds (99.99 ms).
a r e capable o f s e l e c t i n g any delay f-om zero t o t h e maximum delay i n steps o f 10 microseconds.
A 100 kHz i n p u t s i g n a l t o t h e u n i t i s t h e t i m i n g source. pps) i n p u t from t h e l o c a l master clock. p o s i t i v e pulse appears a t t h e output.
u n t i l t h e n e x t 1 pps s i g n a l again i n i t i a t e s i count. The o u t p u t i s t h e r e f o r e a l s o a 1 pps s i g n a l which has a p r e c i s e delay w i t h respect t o t h e 1 pps i n p u t s i g n a l .
t i o n can be separated i n t o f o u r d i f f e r e n t f u n c t i o n a l groups.
The count i s i n i t i a t e d by a reference one pulse p e r second (1 A f t e r a preselected number o f counts ( t i m e delay), a
Simultaneously, the counters are r e s e t t o zero and h e l d
The t h e o r y o f operaa. Decade Counters
The decade counters c o n s i s t o f IC1 through IC4 and decoders IC5 through IC8 ( r e f e r t o f i g u r e 30, Logic Diagram).
tens o f microseconds o f t h e 100 kHz i n p u t s i g n a l .
f i e r f o r t h e 100 kHz i n p u t s i g n a l .
l o g i c "1" t o a low l o g i c "0" s t a t e o n l y .
goes from a h i g h t o a low s t a t e .
Therefore, f o r each t e n counts o f counter IC1, counter IC2 has a count o f one. Thus, counter IC2 counts i n t h e u n i t s o f 100 microseconds. S i m i l a r l y , IC3 counts i n u n i t s o f 1000 microseconds and IC4 i n u n i t s o f 10,000 microseconds. The f i r s t counter IC1 i s a u n i t counter and counts i n t h e u n i t of IC12A i s a b u f f e r and pulse-shaping ampli-
The counter counts whenever t h e i n p u t goes from a h i g h
A f t e r a count o f ten, t h e D o u t p u t -o f t h e counter I t i s connected t o t h e i n p u t o f t h e n e x t counter IC2.
Each o f t h e counters a l s o has t h r e e o t h e r outputs
The combination o f t h e f o u r outputs gives an o u t p u t accomplished. An i n s t a n t l a t e r , I C l O A resets.
c. S t a r t i n g and Resetting Group
T h i s group c o n s i s t s o f IC9C, 9D, lOB, 11A, 12B, 12C, and 12D. IC9C and 9D a r e two p o s i t i v e NOR gates w i r e d together t o work as a b i -s t a b l e , t o g g l e s w i t c h t o s t a r t and r e s e t t h e counters.
When t h e output o f IC9D, which i s connected t o t h e r e s e t i n p u t s o f I C 1 through IC4, i s i n t h e l o g i c "1," t h e counters a r e placed i n t h e r e s e t c o n d i t i o n w i t h t h e counter outputs i n d i c a t i n g zero count. .. 
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